Magnetoresistance is the change of a material's electrical resistance in response to an applied magnetic field. In addition to its intrinsic scientific interest, it is a technologically im- will represent a significant new direction in the study and uses of magnetoresistivity.
compounds. Giant Magnetoresistance (GMR) 7, 8 and Colossal Magnetoresistance (CMR) 9, 10 , are exhibited by thin film metals and manganese-based perovskites, for example. In contrast, ordinary magnetoresistance, a relatively weak effect, is commonly found in nonmagnetic compounds and elements 11 . Magnetic materials typically show negative magnetoresistances (where MR is defined as ρ(H)−ρ(0) ρ(0)
, is typically reported as a percent figure, and ρ(H) is the resistivity in an applied magnetic field, H). Positive magnetoresistance is seen in both metals and semiconductors, where it is usually at the level of a few percent for metals; semiconducting silver chalcogenides show magnetoresistances up to 350%, comparable with CMR materials 12 . For single carrier type semiconductors, the MR behaves like (1+µH 2 ) where µ is the carrier mobility; high mobility semiconductors can therefore exhibit relatively large effects 13 .
WTe 2 is a TMD crystallizing in a distorted version of the common layered MoS 2 structure type 14 . TMDs are known to display many interesting properties, such as catalysis of chemical reactions 15 , charge density waves (CDW) 16 , superconductivity 17 , have been exfoliated to fabricate interesting nanosctructures 18, 19 , and now, we report, can display extremely large magnetoresistance. In the layered TMD compounds, metal layers are sandwiched between adjacent chalcogenide layers; this dichalogenide sandwich stacks along the c-axis of the hexagonal structure, with van der Waals bonding between layers. Due to this anisotropic bonding, layered TMDs are typically electronically two-dimensional. In WTe 2 , however, there is an additional structural distortion − tungsten chains are formed within the dichalcogenide layers along the a-axis of the orthorhombic unit cell, making the compound structurally one-dimensional ( Figure 1a ). WTe 2 is semi-metallic and has previously been investigated for thermoelectric applications in solid solutions with WSe 2 2 and MoTe 2 20 .
Here we report the discovery of an extremely large positive magnetoresistance (XMR) in WTe 2 of up to 452,700% at 4.5 Kelvin in an applied field of 14.7 Tesla (T) when the current direction is along the tungsten chains (a-axis) and the magnetic field is applied perpendicular to the dichalcogenide layers, along the c-axis. The magnetoresistance is still increasing at 45 T, the highest field in our measurements, where it has a value of 2.5 million percent with no saturation. It is especially surprising that this XMR is present in a non-magnetic, non-semiconducting system.
WTe 2 has a highly anisotropic electronic structure, with small pockets of holes and electrons in the directions where the XMR is maximized. The XMR is very anisotropic; largest along the chain direction, and dropping by more than 90% when the magnetic field is applied in other directions, making this the largest one-dimensional magnetoresistance ever reported. The effect becomes significant at temperatures below ≈ 150 K; with the temperature of the "turn on" increasing with the magnitude of the applied magnetic field. Electron diffraction patterns taken at low temperatures indicate that the origin of the observed effect is not linked to the onset of a charge density wave or a Peierls-like distortion in the tungsten chains.
The temperature dependent resistivity under various applied magnetic fields (µ 0 H up to 14.7 T) is presented in Figure 2 on both logarithmic (main panel) and linear scales (lower inset). In zerofield, the room temperature resistivity is 0.6 mΩcm and falls to 1.9 µΩcm by 2 K, yielding a RRR of ≈ 370. When a field is applied, the resistivity of the sample essentially follows the zero-field curve until it is cooled close to the "turn on" temperature, T * , (taken as the minimum in the resistivity) The band structure shows the electron and hole pockets along the Γ -X direction that make WTe 2 a semimetal, as well as a potential second set of electron and hole pockets forming along Z -U. The Γ -X direction in reciprocal space corresponds to the a-axis in real space, or along the tungsten chains. Since the Z -U direction is parallel to the Γ -X direction, but shifted along k z into the perpendicular face of the Brillouin zone, this potential second crossing would change the pockets into tubes in the Fermi surface. Future ARPES study and more detailed transport analysis and characterization of the quantum oscillations will be needed to determine the details of the Fermi surface and form a basis for understanding the observed XMR.
With a positive magnetoresistance this large, and the one-dimensional behavior of the XMR The single crystals made in this study were crudely exfoliated by using double sided tape, and thicknesses down to a few microns were easily achieved. Evaporation growth and subsequent annealing to make single crystal thin films may enhance the MR effect seen here due to higher crystal quality. Hybrid structures of various kinds, such as layering WTe 2 with magnetic films, combined with the XMR effect may be useful in devices such as highly sensitive low temperature magnetic field sensors or high field temperature sensors in cryogenics. In particular, the onedimensional aspect of the anisotropic MR in WTe 2 may be useful in low temperature magnetic field sensing and, especially, orienting. In fact, recently it was reported that below 20 K or above 5 T 25, 26 the materials currently used for temperature or field measurements are prone to large degrees of error. In contrast, however, this regime is actually where WTe 2 performs best. The ease with which this system can be exfoliated as well as the effect that even small changes in the Fermi level may have on the properties makes it an ideal candidate for electron gating experiments. Careful chemical doping and intercalation of WTe 2 may also be key in elucidating the cause of the XMR 6 and potentially unlocking further properties of interest.
Methods
High quality single crystals of WTe 2 were grown via Br 2 vapor transport. Tungsten powder was ground together with purified Tellurium, pressed into a pellet, and heated in an evacuated quartz tube at 700 • C, homogenized, then reheated at 750
• C for 2 days each. This final pellet was ground into a fine powder and a temperature gradient of 100
• C between 750
• C -650
• C was used for crystal growth, with a Br 2 concentration of ≈ 3 mg/ml in a sealed quartz tube for 1 week. Optimal crystals were obtained under these conditions; crystals grown at higher temperatures showed substantially lower residual resistivity ratios (RRR)
and degraded magnetoresistance. The need to employ low temperature synthesis to avoid defect formation that degrades properties is frequently observed in TMDs, for example in TiSe 2 27 . The crystals grew as thin ribbons (Figure 1b) , with the long direction being the W-W chain direction and the larger flat faces being perpendicular to the stacking direction of the layers.
WTe 2 crystals were structurally and chemically characterized by powder-XRD to confirm bulk purity, single crystal XRD to determine crystal growth orientation, SEM-EDX for chemical analysis, and TEM to search for a low temperature phase transition. For general electronic characterization, SQUID magnetometer measurements revealed weak diamagnetism typical of a metal, and thermopower measurements confirm a previously reported n-p type crossover at 65 K in a 0 T field and n-type Hall effect behavior down to 2 K 28 . In resistivity measurements, electrical anisotropy was found; the tungsten chain direction (the a-axis) had the lowest resistivity.
7 Powder x-ray diffraction patterns were collected using Cu Kα radiation on a Bruker D8
Focus diffractometer with a graphite monochromator. Single crystal x-ray diffraction data was collected on a Bruker APEX II using Mo Kα radiation (λ = 0.71073Å) at 100 K. Scanning electron microscopy and energy dispersive x-ray analysis were carried out on a FEI Quanta 200 FEG Environmental-SEM and was used to determine the composition of the crystals. Electron diffraction was carried out in a JEOL 3000F transmission electron microscope equipped with a Gatan liquid-helium cooling stage.
The magnetoresistance of WTe 2 samples was measured using the 4-point probe method in a Quantum Design PPMS and with a Delta-mode method by a Keithley 6221 current source meter and a 2182A nanovoltmeter. The high-field dependent data were taken at 4.5 K up to 14. 
